Published OnlineFirst January 4, 2019; DOI: 10.1158/1541-7786.MCR-18-1178

Molecular
Cancer
Research

Cancer "-omics"

Multiclonality and Marked Branched Evolution of
Low-Grade Endometrioid Endometrial Carcinoma
Lorena Lazo de la Vega1, Mia C. Samaha1, Kevin Hu2, Nolan R. Bick1, Javed Siddiqui1,3,
Daniel H. Hovelson2,3, Chia-Jen Liu1,3, Cody S. Carter1, Kathleen R. Cho1,
Andrew P. Sciallis1, and Scott A. Tomlins1,3,4,5

Abstract
The molecular events driving low-grade endometrioid
endometrial carcinoma (LGEC) development—like in many
cancers—are incompletely understood. Hence, here we performed multiregion, comprehensive somatic molecular proﬁling of routinely processed formalin-ﬁxed, parafﬁn-embedded (FFPE) material from 13 cases of LGEC totaling 64 minute,
spatially deﬁned cell populations ranging from presumed
precursor lesions through invasive LGEC. Shared driving
PTEN, PIK3R1, or PIK3CA mutations support clonal origin of
the samples in each case, except for two cases with two clonally
distinct neoplastic populations, consistent with unexpected
multiclonality in LGEC development. Although substantial
heterogeneity in driving somatic alterations was present across
populations in nearly all cases, these alterations were usually
clonal in a given population, supporting continued selection
and clonal sweeping of driving alterations in populations with
both precursor and LGEC histology. Importantly, CTNNB1
mutational status, which has been proposed as both prognos-

Introduction
Integrated genomic characterization of endometrial carcinoma (EC) by The Cancer Genome Atlas (TCGA) deﬁned four
groups based on histology, copy-number alterations (CNA),
and mutations: POLE (ultramutated), microsatellite instability
(hypermutated), CNA-high (serous-like), and CNA-low (endometrioid), consistent with clinical/pathologic/molecular endometrial carcinoma classiﬁcation as type I [usually low-grade,
endometrioid (LGEC)] and type II (high-grade, nonendometrioid; refs. 1, 2). Endometrioid endometrial carcinomas are
thought to develop through hyperplastic precursor lesions
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tic and predictive in LGEC, was frequently heterogeneous and
subclonal, occurring both exclusively in precursor or cancer
populations in different cases. Whole-transcriptome proﬁling
of coisolated RNA from 12 lesions (from 5 cases) was robust
and conﬁrmed histologic and molecular heterogeneity,
including activated Wnt signaling in CTNNB1-mutant versus
wild-type populations. Taken together, we demonstrate clinically relevant multiclonality and intratumoral heterogeneity
during LGEC development with important implications for
diagnosis, prognosis, and therapeutic prediction. More broadly, our methodology is broadly scalable to enable highthroughput genomic and transcriptomic characterization of
precursor and invasive cancer populations from routine FFPE
specimens.
Implications: Multiregion proﬁling of LGEC populations
using a highly scalable approach demonstrates clinically relevant multiclonality and intratumoral heterogeneity.

characterized by architectural and nuclear atypia. Although
criteria differ, systems based on (1) nuclear atypia and glandular complexity [World Health Organization (WHO)] or (2)
molecular genetics/morphology (endometrial intraepithelial
neoplasia) are widely used (3). Lesions classiﬁed by the ﬁrst
as atypical hyperplasia (AH)—more speciﬁcally complex atypical hyperplasia (CAH) when glandular complexity is present—
and by the second as endometrial intraepithelial neoplasia
(EIN) are now considered similar premalignant processes, and
the terms are used interchangeably in the latest WHO classiﬁcation system (2, 3). Endometrial hyperplasia without atypia,
sometimes referred to as complex hyperplasia (CH), is thought
to result from unopposed estrogen stimulation and has a lower
risk of progression to LGEC than EIN/AH. LGEC and its precursors often display foci of squamous differentiation, a feature
that is not typically seen in other types of endometrial carcinomas, such as serous or clear cell carcinomas. LGECs are
usually CNA-low, non-hyper/ultramutated, lack TP53 mutations, and frequently harbor somatic alterations affecting the
PI3K, RTK/RAS, and Wnt signaling pathways (including recurrent mutations in PTEN, PIK3R1, PIK3CA, KRAS, and CTNNB1;
ref. 1).
As reﬂected in calls to generate a Pre-Cancer Genome Atlas
(PCGA), the molecular progression of EIN/AH to endometrial
carcinoma, like in many cancers, is incompletely understood in
part due to the technical challenges of proﬁling minute lesions/
areas of interest often available only in routinely processed
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formalin-ﬁxed parafﬁn-embedded (FFPE) specimens (4). Driving PTEN mutations occur early in type I endometrial carcinomas because they are generally found to coexist with other
commonly mutated genes and were critical in deﬁning EIN (5).
However, whether EIN/AH usually progresses to endometrial
carcinoma via linear versus branched evolution is unresolved.
Limited intratumoral heterogeneity with respect to integrative
classiﬁcation of endometrial carcinomas has been reported,
including 96% concordance of CTNNB1 mutational status (6),
and a next-generation sequencing (NGS)–based study of three
pairs of EIN/AH and CNA-low LGEC supported clonal origin in
all cases (7). In contrast, substantial mutational heterogeneity,
supporting branched evolution, was reported in a study of 6
cases of matched, but spatially distinct EIN/AH and CNA-low
LGEC (7), as well as in a hotspot NGS-based study of endometrial carcinoma from paired uterine aspirates and multiple
regions at hysterectomy (8).
Understanding intratumoral heterogeneity in LGEC development is critical for the development of prognostic biomarkers.
Although most patients with LGEC are cured by surgery alone,
those that recur do poorly, arguing for the identiﬁcation of
prognostic biomarkers. Recently, Liu and colleagues and Kurnit
and colleagues both reported that CTNNB1 mutations were
prognostic for shorter recurrence-free survival in patients with
low-stage LGEC (9, 10). We were intrigued by this ﬁnding, as we
had previously observed different CTNNB1 mutations in paired
primary uterine endometrial carcinoma (p.S45P) and tubal
metastasis (p.S45F) components of a clinically type I high-grade
endometrioid carcinoma that had a shared PTEN (p.R130X)
mutation in both components (11). Likewise, we recently
observed discordant CTNNB1 mutations in the different components of a uterine endometrial carcinoma that had areas of
conventional histology as well as areas with variant histology
referred to as "corded and hyalinized" endometrial carcinoma
(CHEC; p.G34E and p.S33C; C.S. Carter; in preparation). Hence,
to comprehensively assess intratumoral heterogeneity in LGEC
development, we performed multiregion proﬁling of matched
spatially deﬁned EIN/AH and LGEC components from routinely
processed FFPE tissue specimens using a highly scalable, comprehensive multiplexed PCR-based NGS approach.

Materials and Methods
Cohort
With Institutional Review Board approval, we retrospectively
identiﬁed patients with LGEC (FIGO grade I/II) at hysterectomy
using a previously described electronic medical record search
engine (12). We collected 14 cases with available archived FFPE
tissues that had spatially and histologically distinct foci of both
precursor (EIN/AH) and endometrial carcinoma. For each case,
regions of interest were identiﬁed on hematoxylin and eosin
(H&E)–stained slides and classiﬁed according to the WHO histologic system by board-certiﬁed pathologists (A.P. Sciallis and S.A.
Tomlins) as CH, CAH, frankly invasive endometrial carcinoma, or
frankly invasive endometrial carcinoma with squamous differentiation (ECsq). Regions were punched (1–3 punches) from the FFPE
block using 21-gauge dispensing tips (0.510 mm inner diameter)
followed by examination of an H&E recut to conﬁrm localization.
DNA and RNA from each punch were coisolated using the Qiagen
Allprep FFPE DNA/RNA Kit (Qiagen) and quantiﬁed using the
Qubit 2.0 ﬂuorometer (Life Technologies) as described (13).
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DNA NGS
We performed targeted, multiplexed PCR-based DNA NGS
essentially as described (13) using panels targeting >130
cancer-related genes, including those recurrently mutated in
LGEC (1), as described in detail in the Supplementary Methods.
We used 20 to 24 ng of DNA per sample for library construction
using the Ion Ampliseq library kit 2.0 (Life Technologies) with
barcode incorporation and sequencing on the Ion Torrent Proton
sequencer as described (13) and detailed in the Supplementary
Methods. Data analysis was performed essentially as described to
identify high-conﬁdence, prioritized somatic mutations and
CNAs using validated pipelines based on Torrent Suite
5.0.4.0 (11, 13, 14). All high-conﬁdence somatic variants were
visualized in Integrative Genomics Viewer (IGV), with selected
validation by Sanger sequencing (Supplementary Methods and
Supplementary Table S1). POLE hotspot mutation status was
assessed by Sanger sequencing as they are not targeted by our
panels. High-conﬁdence somatic variants occurring at hotspots
(>3 observations at that residue in COSMIC) in oncogenes,
inframe indels in oncogenes or tumor-suppressor genes, or hotspot or deleterious (nonsense/frameshift/splice site altering variants) in tumor-suppressor genes were considered driving variants (11, 13). Case identity was conﬁrmed in all populations by
assessment of rare high-conﬁdence SNPs.
Phylogenetic analysis
We conducted evolutionary analysis using PHYLIP v 3.695. For
each tumor sample, the status of nonsynonymous somatic mutations were considered as characteristics for this analysis. Evolutionary trees were constructed using Dollop (Dollo and polymorphism parsimony methods) using polymorphism parsimony
with default parameters.
Amplicon-based whole-transcriptome sequencing
We performed amplicon-based whole-transcriptome sequencing using the Ion Ampliseq Transcriptome Human Gene Expression Kit (Life Technologies) according to the manufacturer's
instructions with 17.5 ng of RNA per sample, allowing for interrogation of 21,000 RNA transcripts. Library preparation was
performed according to the manufacturer's instructions and as
described above for DNA sequencing. Technical replicate libraries
and templates were independently constructed and sequenced on
separate chips. Reads were mapped and quantiﬁed using version
5.0.4.0 of TorrentSuite's (Life Science Technologies) coverageAnalysis plugin with the uniquely mapped reads option and default
parameters. As described in detail in the Supplementary Methods,
end-to-end reads were used for differential gene expression analysis using the R package edgeR (15, 16). Volcano plots were made
using the R-package ggplot, and multiplicity was corrected by
calculating a Q-value using Benjamini and Hochberg's FDR (17).
Analyses performed to assess differentially expressed genes
in relevant comparisons are described in the Supplementary
Methods.
Immunohistochemistry
Polyclonal rabbit anti-amylase (AMY1A) primary antibodies
[HPA045399 (562), 1:800; HPA045394 (560), 1:2,000] were
selected based on conﬁrmation of expression in expected tissues
(pancreas and salivary glands) in the Human Protein Tissue
Atlas (18). IHC staining was performed on 4 to 5 mm unstained
FFPE slides using an automated protocol on the Ventana
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Benchmark XT System using UltraView Universal DAB Detection
Kit (Cat no. 760–500, Ventana Medical Systems). Staining was
optimized and conﬁrmed to show expected staining in pancreas
and salivary gland tissues prior to staining endometrial carcinoma
samples.

Results
Comprehensive genomic proﬁling of LGEC development
To assess the molecular landscape of LGEC development, we
performed comprehensive DNA- and RNA-based NGS of 14 cases
of FIGO grade 1 or 2 endometrial carcinoma with spatially
deﬁned minute precursors and/or endometrial carcinoma components using a highly scalable approach optimized for routine
FFPE material (Supplementary Table S2 and Fig. 1). We obtained
between 130 and 1,850 ng of extracted DNA (mean 987 ng),
consistent with tens of thousands of cells from the punched
regions. To identify oncogenic and tumor-suppressive somatic
mutations and CNAs, we performed multiplexed PCR-based DNA
NGS (mxDNAseq) on 70 spatially deﬁned, minute (1–2mm2
surface area) cell populations (Supplementary Table S3) using
panels targeting 130 genes, including essentially all recurrently
altered genes in LGEC using extensively validated approaches
(details regarding quality control of the sequencing can be found
in the Supplementary Results and Supplementary Table S4). As
described below, to validate the impact of observed histologic and
somatic mutational heterogeneity, we also performed multiplexed PCR-based transcriptome NGS (mxRNAseq) on coisolated
RNA from 12 cell populations.
As described in the Supplementary Results and shown in
Supplementary Fig. S1, out of the 14 cases, 1 was classiﬁed as
ultramutated. In the remaining 13 cases, no high-level, focal
somatic CNAs were identiﬁed in any cell populations (Supplementary Fig. S2); hence, these cases were considered CNA-low
LGEC. After exclusion of populations failing QC metrics, our
cohort represented the full spectrum of LGEC development,
including 2, 23, 27, and 12 populations (n ¼ 64 total) classiﬁed
as CH, CAH, invasive endometrial carcinoma, or invasive ECsq,
respectively, as represented in Supplementary Fig. S3.
Across the 13 CNA-low LGEC cases, all cell populations
harbored at least one clear driving somatic mutation in PTEN,
PIK3R1, or PIK3CA (Fig. 2) consistent with the nearly universal deregulation of this pathway as a driving event in
LGEC. Ten of 13 cases had at least one driving PTEN
mutation detected in all cell populations (4 and 3 cases also
had PIK3CA and PIK3R1 mutations, respectively, in all cell
populations) consistent with prior single gene and TCGA
studies (1, 19–21). In the remaining three cases, no cell
populations harbored PTEN mutations, but two invasive
EC/ECsq cases harbored somatic driving clonal PIK3R1 mutations (Cases 6 and 9), and one CAH case had somatic driving
clonal PIK3CA mutations (Case 7).
We also identiﬁed recurrent, driving mutations across our
LGEC cases in CTNNB1, FBXW7, KRAS, and FGFR2, consistent
with bulk sequencing of LGEC (1). Importantly, across the 64
populations, we identiﬁed an average of 4 (range, 2–5; Supplementary Table S5) driving somatic mutations in the abovedescribed seven genes, making LGEC an ideal system to assess
clonality and intratumoral heterogeneity using a very limited
subset of the genome. Of note, no signiﬁcant difference in the
number of prioritized mutations was observed between CH/CAH
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and EC/ECsq populations (average 3.0 vs. 3.3, two-tailed
unpaired t test, P ¼ 0.18).
Multiclonality in LGEC development
Although 11 of 13 LGEC cases were clonal based on shared
PTEN, PIK3R1, or PIK3CA mutations across all cell populations,
two cases (Cases 3 and 4) showed clear multiclonality in spatially
distinct cell populations. In Case 3 (Fig. 3A and Supplementary
Fig. S4A), 5 of 6 proﬁled cell populations (four CAH and one
invasive endometrial carcinoma; from anterior and posterior
aspects of the uterus) shared driving PTEN, PIK3CA, and FBXW7
mutations; however, a population of invasive endometrial carcinoma (UT-25) lacked these alterations but harbored two distinct
driving PTEN mutations and a PIK3R1 mutation. In Case 4
(Fig. 3B), we proﬁled four regions of CAH from the uterine
anterior, posterior, and fundus. Of note, although the CAH
populations from the anterior and posterior aspect (UT-28 and
UT-31) harbored the same driving PTEN and KRAS mutations, the
two CAH populations from the fundus (UT-29 and UT-30)
harbored distinct driving PTEN and PIK3CA mutations. Taken
together, even with sampling of only an average of 5 spatially
distinct cell populations per case, our results demonstrate
that true multiclonality is relatively frequent during LGEC
development.
Marked intratumoral heterogeneity in presumed LGEC driving
mutations
Beyond multiclonality, we observed marked heterogeneity in
presumed driving somatic mutations across LGEC and precursor
populations in 10 of 13 cases, particularly those with both
precursor and invasive endometrial carcinoma populations. For
example, in Case 13 (Fig. 3C), we proﬁled separate populations of
CAH (UT-87) and endometrial carcinoma (UT-83, 86, 87) from
the posterior aspect. All populations shared driving PTEN (two
mutations) and KRAS mutations. Although all endometrial carcinoma populations in this case also shared PIK3R1 mutations,
the CAH population harbored a distinct PIK3R1 mutation. Likewise, a separate PIK3R1 mutation was only present in two of the
three endometrial carcinoma populations.
Similarly, in Case 2 (Fig. 3D and Supplementary Fig. S4B), we
proﬁled separate populations of CAH (UT-19, anterior; UT-20,
posterior) and ECsq (UT-21 and UT-22; fundus), all of which
shared a driving PTEN mutation. Both ECsq populations also
shared driving CTNNB1 and PIK3R1 mutations, neither of which
was present in the CAH populations. However, both CAH populations shared a different driving PIK3R1 mutation, whereas one
CAH population harbored an additional missense PIK3R1 mutation of unclear pathogenicity not present in the other CAH or
ECsq populations. Case 11 showed similar intratumoral heterogeneity and branched evolution between precursor and invasive
endometrial carcinoma populations as described in the Supplementary Results and Supplementary Fig. S3.
Intratumoral heterogeneity in candidate prognostic CTNNB1
mutations
As described above, a motivator of this study was our previous
observations of discordance in driving CTNNB1 mutational status
in two different endometrial carcinoma cases. Seven of 13 cases in
our cohort showed no CTNNB1 mutations in any cell population
(clonally absent). In the remaining 6 cases where at least one
population harbored a CTNNB1 mutation, only one showed
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Figure 1.
Comprehensive DNA and RNA proﬁling of LGEC development
from routine clinical specimens. Schematic of spatially deﬁned
uterine cell populations from a representative case (Case 2) is
shown, with population type and associated histologic type
indicated by the color scale (endometrial carcinoma, frankly
invasive LGEC; sq, squamous metaplasia). Histology for the one
population (UT-19, CAH) is shown with original magniﬁcation
indicated. Precise tissue punching was used for isolation from
routine FFPE blocks, and subsequent H&E-stained slides were
used to conﬁrm isolation of expected populations. Multiplexed
PCR-based DNA and RNA sequencing was performed on 20 ng
coisolated nucleic acids to comprehensively characterize LGEC
development and intratumoral heterogeneity through driver
gene alteration assessment and whole-transcriptome proﬁling.
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Figure 2.
Somatic mutations across LGEC development. Heatmaps showing all prioritized somatic mutations identiﬁed in endometrial cell populations, per LGEC case,
with lesion histology indicated in the top row (according to the color scale at the bottom right). Individual somatic mutations are shown in rows, with the VAF
indicated by the color hue gradient at the bottom right (gray, not present;  , well-supported reads on manual review and considered present but VAF < 5%).

clonal CTNNB1 mutations in all proﬁled populations (Case 9,
with endometrial carcinoma and ECsq populations). In Case 8, a
shared CTNNB1 mutation in all endometrial carcinoma populations was not present in the CAH sample (however, low tumor
content in this sample precluded deﬁnitive exclusion). The
remaining four cases showed: (1) a private (present in only one
population) CTNNB1 mutation in one precursor population but
not in other precursor or endometrial carcinoma populations
(Case 3), (2) shared CTNNB1 mutations in all EC/ECsq populations but not in precursor populations (Case 2), (3) private
CTNNB1 mutation in only one of six endometrial carcinoma
populations (Case 6), and (4) private CTNNB1 mutation in one
ECsq population but not in the endometrial carcinoma or multiple precursor populations (Case 10; Fig. 2). All mutations were
observed at essentially clonal variant allele frequency (VAF), and
mutational presence/absence was conﬁrmed by Sanger sequencing (Supplementary Table S1 and Supplementary Fig. S5). Taken
together, these results demonstrate the existence of intratumoral
heterogeneity in potentially prognostic CTNNB1 mutations both
(1) within precursor and endometrial carcinoma populations and
(2) within endometrial carcinoma populations in a given case.
Clonal sweep of heterogeneous mutations is common in LGEC
Heterogeneous mutations (those present in not all cell populations from a given case) may represent (1) subclonal alterations
present but variably detected in all populations due to sampling or
(2) clonal alterations present and selected for in the population.
Through assessment of the VAF (# variant containing reads/total #
reads) of truncal PI3K pathway driving mutations which inform on
the estimated tumor content (VAF  1/2 and  equivalent to the
tumor content for heterozygous and homozygous variants, respectively), essentially all of the homogeneous (Supplementary Table
S5) and heterogeneous (Supplementary Table S6) driving mutations
observed in our cohort were present in all cells in the population
[clonal cancer cell fraction (CCF)]. These results are consistent with
selection of the variants due to increased ﬁtness and "sweep"
through the tumor cell population (22). Of note, the only gene
that frequently showed less than clonal CCF was CTNNB1 (Supplementary Table S6), further complicating its potential use as a
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prognostic and/or predictive biomarker. Importantly, however, the
presence of numerous heterogeneous or private driving mutations
in both precursor and endometrial carcinoma populations, most at
clonal CCF, indicates a ﬁtness advantage to these mutations regardless of histologic appearance or spatial proximity. Phylogenetic
analysis thus supports extensive branched evolution in both precursor and endometrial carcinoma populations, consistent with
branched evolution in LGEC development, in agreement with
mechanisms in most other proﬁled cancers (23, 24).
Conﬁrmation of intratumoral heterogeneity in CTNNB1
mutation–driven pathway activation through transcriptome
sequencing
We next sought to further conﬁrm the relevance of the often
heterogeneous CTNNB1 mutations by looking for transcriptional
evidence of Wnt pathway activity in populations with and without
CTNNB1 mutations. Given the challenges of performing conventional or capture-based whole-transcriptome RNAseq with minute quantities of FFPE-isolated RNA (25), we attempted mxRNAseq using 20 ng of coisolated RNA from 12 cell populations.
Samples were selected to represent the spectrum of precursor
versus endometrial carcinoma lesions with and without CTNNB1
mutations. Across the 12 sequenced populations (with technical
replicates in different batches), we generated an average of
8,891,762 end-to-end reads (Supplementary Table S7) with the
10,882 transcripts across the cohort showing >5 RPM used for
further analysis. Technical replicates showed highly correlated
normalized expression (median per pair Pearson r ¼ 0.9; range,
0.92–0.99) with principal components analysis showing expected
clustering of technical replicates (Fig. 4A). Differential expression
analysis between proﬁled endometrial carcinoma (n ¼ 6) and
ECsq (n ¼ 2) populations identiﬁed 18 transcripts overexpressed
in ECsq versus endometrial carcinoma (Supplementary Fig. S6
and Supplementary Table S8). Comparison with transcripts
overexpressed in TCGA lung squamous cell carcinoma versus
adenocarcinoma (26) conﬁrmed signiﬁcant enrichment (OR,
66.9, two-sided Fisher exact test, P ¼ 1.15E), including squamous
epithelial-speciﬁc transcripts PRR9, KRT31, and CALM3 (Supplementary Methods, Supplementary Results, and Supplementary
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Figure 3.
Multifocality and marked intratumoral heterogeneity in LGEC development. For indicated cases, location of isolated cell populations (indicated by stars) in the
uterus is indicated on anatomic diagrams and corresponding H&E slides. Phylogenetic trees for these cases are shown, with shared mutations for each clone
indicated. A and B, Cases showing multiclonal LGEC development. C and D, Cases showing marked intratumoral heterogeneity in LGEC precursor and invasive
cell populations.
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Fig. S6), further supporting the validity of our approach. Likewise,
we observed marked overexpression of AMY1A in proﬁled CAH
(n ¼ 4) vs. EC/ECsq (n ¼ 8) populations and conﬁrmed AMY1A
protein overexpression in these samples by HC (Fig. 4B; Supplementary Figs. S7 and S8; Supplementary Table S8).
We thus assessed differentially expressed transcripts in proﬁled
CTNNB1-mutant (n ¼ 6) versus wild-type (n ¼ 6) precursor and
endometrial carcinoma populations. Importantly, we identiﬁed

www.aacrjournals.org

21 transcripts signiﬁcantly overexpressed in CTNNB1-mutant
samples, including the known canonical Wnt target genes
NOTUM (27), CXCL14 (28), GAD1 (29), DKK4 (30), and NKD1
(ref. 31; Fig. 4C and Supplementary Table S8). Database for
Annotation Visualization and Integrated Discovery (DAVID)
functional annotation assessment (32) also identiﬁed "Wnt signaling pathway" as the most signiﬁcantly enriched biological
process in the overexpressed CTNNB1-mutant gene set (P ¼

Mol Cancer Res; 17(3) March 2019

Downloaded from mcr.aacrjournals.org on November 25, 2020. © 2019 American Association for Cancer Research.

737

Published OnlineFirst January 4, 2019; DOI: 10.1158/1541-7786.MCR-18-1178

Lazo de la Vega et al.

5.2  107, Benjamini-corrected q value ¼ 4.2  105). Gene set
enrichment analysis of the hallmark gene sets also conﬁrmed
enrichment of the Wnt-b catenin signaling pathway [FDR q
value ¼ 0.032 (NES, 2.08); Supplementary Fig. S9]. Taken together, these results support the applicability of transcriptome-wide
mxRNAseq to minute FFPE-isolated cell populations and conﬁrm
the functional relevance of shared and private CTNNB1 mutations
in both precursor and endometrial carcinoma populations.

Discussion
Here, to better understand the development of LGEC, we
performed multiregion, comprehensive somatic molecular proﬁling of minute cell populations ranging from presumed precursor lesions through invasive LGEC. Through this high-depth
(average >1,000x coverage) approach on spatially deﬁned populations with variable histology from 13 cases, we identiﬁed
marked intratumoral mutational heterogeneity in presumed cancer driving genes in the vast majority of cases. Our work builds on
two small series of LGEC precursors and invasive components,
which support substantial intratumoral heterogeneity and
branched evolution in LGEC development (7, 8); however, our
study is the ﬁrst to deﬁnitively demonstrate multiclonality in both
spatially deﬁned precursor and invasive populations. Our ﬁndings have important implications for understanding LGEC development, as well as efforts to identify prognostic and predictive
biomarkers, such as CTNNB1.
Consistent with the known role of PI(3)K pathway deregulation in EIN/LGEC development, all proﬁled cell populations
harbored clear driving PTEN, PIK3CA, or PIK3R1 mutations. In
three cases, all populations harbored only PIK3CA or PIK3R1
mutations, demonstrating that LGEC development does not
absolutely require a PTEN mutation, consistent with TCGA
data (1). Likewise, in 7 of 10 cases with driving clonal PTEN
mutations in all populations, we only observed PTEN point
mutations, in-frame short deletions, or splice site mutations,
consistent with the lack of sensitivity of PTEN immunohistochemistry for EIN identiﬁcation in pathologic practice (3, 33).
Importantly, in several cases, we observed continued selection for,
and convergent evolution in, driving mutations in the above three
PI(3)K pathway members and AKT1 in histologically presumed
precursor lesions.
Through analysis of driving PI(3)K pathway mutations, we
identiﬁed a case that developed two clonally distinct, multifocal
LGECs (Case 3) and a case with clonally distinct precursor
populations (Case 4). To our knowledge, such multiclonality has
not been previously described in spatially deﬁned populations.
Remarkably, in Case 3, the two clonally distinct endometrial
carcinoma populations were on the same FFPE block (<2 cm
away), with no clear morphologic distinction between the invasive endometrial carcinoma populations (Fig. 3 and Supplementary Fig. S4A). In Case 4, where we could only sample superﬁcial
CAH-appearing populations, distinct clones were present in the
uterine fundus versus anterior/posterior aspects. Given the relatively limited sampling performed in our study, we expect the
observed rate of 15% multiclonality to be an underestimate,
with more women developing multiple transformed LGEC
populations.
As described above, the two cases showing discordant CTNNB1
mutations in paired endometrial carcinoma samples (ref. 11 and
C.S. Carter; in preparation) partly motivated this study. Impor-

738 Mol Cancer Res; 17(3) March 2019

tantly, Kurnit and colleagues and Liu and colleagues recently
described CTNNB1 mutations as prognostic in low-stage
LGEC (9, 10). Similarly, a phase II clinical trial of everolimus
and letrozole (NCT01068249) in women with endometrial carcinoma found particularly high response rates in those with
endometrioid histology and CTNNB1 mutations (34). Remarkably, in our LGEC cohort proﬁled herein, we observed clonal
CTNNB1 in only one of ﬁve cases (where at least one population
harbored a CTNNB1 mutation and tumor content was sufﬁciently
high in all samples to enable conﬁdent assessment). In the
remaining cases, we saw diverse intratumoral heterogeneity, with
CTNNB1 mutations being observed privately in precursor and not
endometrial carcinoma populations (Case 3), shared in endometrial carcinoma but not precursor populations (Case 2), and
private in endometrial carcinoma populations (Cases 6 and 10).
Mutations in CTNNB1 were also frequently subclonal in a given
cell population, in contrast to essentially all other homogeneous
or heterogeneous mutations in LGEC driver genes observed
herein. Taken together, given that trials assessing CTNNB1—as
well as PI3K members—as correlative biomarkers in women with
endometrial carcinoma are ongoing (e.g., NCT02228681), our
results suggest that sampling and assessment strategies have the
potential to substantially affect results and should therefore be
carefully considered during future trial design.
In addition to comprehensive DNA-based proﬁling, we also
conducted amplicon-based whole-transcriptome sequencing on a
subset of samples both to validate the approach, as well as
determine whether subclonal CTNNB1 mutations show evidence
of transcriptional activation. Importantly, to our knowledge, this
amplicon-based whole-transcriptome sequencing, which has the
advantage of requiring <20 ng RNA, has only been reported in a
single study of FFPE tissue (35). In addition to high pairwise
concordance in technical replicates supporting the validity of our
transcriptome data, we also conﬁrmed expected differential transcript expression in ECsq versus endometrial carcinoma populations (overexpression of squamous epithelial transcripts) and
CTNNB1-mutant versus wild type populations (Wnt/b-catenin
target genes). In an exploratory analysis of precursor versus
invasive endometrial carcinoma populations, we identiﬁed amylase (AMY1A) as markedly overexpressed in precursor populations and conﬁrmed these ﬁndings in the same samples by
immunohistochemistry using two anti-AMY1A antibodies. By
IHC, amylase has been reported as only occasionally expressed
in both benign secretory phase endometrial glands and welldifferentiated endometrial adenocarcinomas (36–38), and hence
we hypothesize that differential expression of AMY1A in paired
precursor versus invasive populations likely reﬂects differentiation (AMY1A expression was not diffusely present in individual
precursor appearing glands across individual sections or cases as
shown in Supplementary Fig. S8) rather than a driving event in
invasive endometrial carcinoma development. Importantly,
through numerous lines of validation, our results demonstrate
the applicability of amplicon-based whole-transcriptome
sequencing to minute cell populations isolated from routine FFPE
specimens, which may be particularly useful in scalable proﬁling
of precursor lesions.
One of the major limitations of our study, which confounds
most efforts to understand cancer development through precursors, is the use of concurrent presumed precursor and invasive
populations to understand molecular features and drivers of
invasive disease development. However, a more informative
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study design, where precursor populations with or without subsequent development of invasive disease are compared, is confounded by the lack of clinical scenarios where precursor lesions
are followed rather than completely excised. Our results herein
combined with other studies highlight additional confounders
including the potential of invasive disease to histologically mimic
in situ precursors (39), the presence of multiclonal precursor and/
or invasive clones, and the continued selection for driving mutations in precursor populations. Lastly, until studies proﬁling cases
with conﬁrmed nonprogressing precursor lesions are proﬁled, it is
unclear whether such intratumoral heterogeneity in LGEC precursors and/or invasive populations is ubiquitous, or a more
speciﬁc feature of "aggressive" behavior that may be exploited
for diagnosis (as has been shown feasible in uterine aspirates;
ref. 8) or prognosis (40). Supporting this concept, co-occurring
PTEN and PIK3CA mutations have been reported to be extremely
rare in CAH versus endometrial carcinoma (41). However, consistent with another study assessing PIK3CA and PTEN mutation
frequency in CAH from cases with co-occurring endometrial
carcinoma (42), we found co-occurrence of PTEN and PIK3CA/
PIK3R1 in at least one cell population with CAH histology in 6 of 8
cases (with PTEN mutations) with a co-occurring LGEC.
In summary, through comprehensive DNA and RNA proﬁling
of minute, spatially deﬁned populations from routine FFPE specimens, we demonstrate marked intratumoral heterogeneity and
branched evolution in LGEC and precursors. Importantly, given
this heterogeneity, sampling and sequencing depth may profoundly affect the detection of biomarkers in LGEC, including
those such as CTNNB1 that have been identiﬁed as prognostic in
previous studies. Likewise, biomarker-based studies (such as
those targeting PI3K pathway members) may also need to account
for this heterogeneity. In addition, we also show relatively frequent true multiclonality, both of which have important implications for understanding LGEC development, predicting the
behavior of LGEC precursors, and precision medicine for

advanced LGEC. More generally, our approaches are applicable
to archived FFPE samples and thus highly scalable, which may
enable widespread sample contribution to efforts such as the
PCGA (4), with the potential to transform the understanding of
cancer precursors and early stage disease.
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